Abstract-Functional electrical stimulation (FES) of upper limbs can be used for the recovery of some hand functions on patients with CNS lesions. This study deals with the control of FES by means of myoelectrical activity detected from voluntarily activated paretic muscles. The specific aim of this paper is to evaluate the accuracy of myoelectrical control in terms of produced force and movement.
grip [1] is a grasp that is often used and may be strengthened by enhancing the wrist extension force and by shortening the finger flexors [2] . Strengthening of the wrist extension can be done by surgical interventions and/or by functional electrical stimulation (FES) [3] .
Several FES systems have recently been developed in order to improve the hand function in paralyzed patients. The Bionic Glove [4] , [5] from the University of Alberta, Canada, is a hybrid system consisting of a garment with FES electrodes that uses a mechanical measurement of wrist extension to trigger stimulation of finger flexion. A commercially available product called the Handmaster [6] produced by NESS Ltd., Israel, is an orthosis in which stimulation electrodes are fitted; the orthosis locks the wrist in normal position. The Handmaster is controlled by a push-button on the control box to initiate a finger-extension/flexion stimulation sequence for either training or grasping. Both these systems use on/off stimulation with a preset value. A different approach is used by the Freehand system, made by NeuroControl Corp., Valley View, OH, USA [7] . This is an implanted system controlled by the contralateral shoulder which offers the possibility of muscle-selective stimulation and is "invisible," freeing the user from having to don and doff surface electrodes. Disadvantages include the complications of the invasive procedure, difficulties with repositioning of misplaced or defect electrodes, infections, etc. The controls of the Freehand system and the Handmaster are not related to the normal movements included in the motor function, whereas the Bionic Glove uses mechanical sensors to detect wrist extension and the control is therefore directly coordinated by the grasping sequence. The wrist extension strength, however, may be insufficient for this approach and the work described in this paper will show how the myoelectric signals from the wrist extensors may be used for the control of the stimulation.
Myoelectrical control has been used for on/off control or proportional control of prosthetics for some years [8] , [9] and several research systems using myoelectrical control of FES have been reported [10] [11] [12] [13] [14] [15] . It has been compared with other methods for control of the implant grasp system [16] and found feasible.
It has been demonstrated that the grasp can be augmented by stimulating the finger and thumb flexors using on/off control by the myoelectrical signals from wrist extension [10] . The principle of direct myoelectrical control of FES has been used to increase wrist extension from absent to a high force in some C5 SCI patients using an elaborate laboratory system [12] .
Reliability and accuracy of the FES augmented movement is important for the grasp function. Reliability means that the object, such as a cup of hot coffee, does not slip out of the hand.
Accuracy is necessary to avoid crushing fragile objects and to minimize the stimulation intensity, and thereby fatigue. An important issue is that the user can learn to use the limited information content [17] of the myoelectric signal, as a continually reliable and accurate control of the electrical stimulation [18] , having only visual feedback and experience.
The transformation of the myoelectric signal into a reliable control signal is therefore also of great importance. The stimulation artefacts have to be reduced which can be done by a special amplifier configuration [19] and digital signal processing [12] , [13] , [20] .
The myoelectric signal is a nonstationary stochastic signal [21] , which makes it complicated to use as a reliable control signal. Several advanced methods such as classification [22] , [23] , autoregressive modeling [24] , [25] , ceptral-coefficients [26] , or artificial neural networks [27] [28] [29] have been investigated but the traditional methods are the averaged rectified value (ARV) or root mean square (rms) over a moving window of the raw signal. ARV and rms are found to be increasing with increasing muscle contraction [30] but it is still somewhat unclear which one is the better [31] , [32] .
A continuous control of FES implies that the stimulation is a monotone function (e.g., linear) of the myoelectric signal. On/off control and level control are subclasses of continuous control where the control-stimulation relation is a piecewise linear function. Tests with the stimulation of wrist extensors using the myoelectrical control signal from the same muscle [20] showed that two tetraplegics could use only on/off control where a third tetraplegic could control four levels.
The aim of this study is to assess the feasibility of a continual myoelectrical control of FES to provide or improve wrist extension and/or thumb force for grasping. The final objective is to enable the user to control the movement as accurately as possible, therefore the focus of this paper is on the accuracy of the myoelectrically controlled functional electrical stimulated muscle contraction compared with the natural, i.e., unassisted, contraction. Accuracy tests has to be performed on patients with muscle paralysis since FES does not increase the muscle force in normal subjects. The functional aspects of this system have been assessed in another study [13] .
II. METHODS

A. Myoelectrically Controlled Stimulation System
The myoelectrical controlled functional electrical stimulator (MeCFES) is a prototype device produced in ASAH Medico A/S, Denmark, for this research purpose. It comprises an amplifier, digital signal processor, and a stimulator. It can interface with a computer to allow monitoring and storage of the signals. The recorded signal is amplified and bandpass filtered to 10-500 Hz before sampling at 1 kHz. As the recorded signal is highly influenced by the stimulation pulses the amplifier is designed specially to suppress stimulation artefacts and their transients, as described in more detail by Thorsen 1999 [19] . Stimulation pulses are delivered with a fixed interval of 60 ms as amplitude modulated rectangular bi-phasic current pulses with a 0.3-ms positive, 0.3-ms zero and 0.3-ms negative output. The stimulation responses, such as the stimulation artefacts and M-waves, are dominating the amplified signal and cause a low signal-to-noise ratio (SNR), estimated to be less than 20 dB. To suppress the harmonics of the stimulation frequency and enhance the SNR a digital comb FIR-filter is applied. The filter equation is as follows:
where discrete recorded signal; sample number; number of samples in the stimulation interval (e.g., sampling frequency divided by stimulation frequency); filter output. After each stimulation pulse the signal is zeroed for the first 20 ms which leaves 40 ms of myoelectric signals in each stimulation interval. A subsequent bandpass filter emphasises frequencies of 100-300 Hz and the ARV over 1.2 s of the filtered signal is calculated and subtracted by an offset (background noise) [33] . This is used as the control signal which is multiplied by a gain factor to obtain the stimulation amplitude. The stimulation output is limited to between zero and an upper limit to protect the subject from excessive stimulation.
In our experiments the gain was found by trial and error until the subject could control the stimulation intensity continually and the upper stimulation limit was set at the maximal sustainable level but not above the force saturation level.
B. Electrode Configurations and Sensors
Surface electrodes, Ag-AgCl electrodes from Medicotest A/S, Denmark, are used for detecting myoelectrical signals from the paretic but not completely paralyzed extensor carpi radialis muscle (ECR). An active reference electrode is used to increase the common mode noise suppression [34] . The MeCFES calculates and generates the stimulation current, delivered through surface electrodes (Pals, Axelgaard Manufacturing Co. Ltd., Fallbrook, CA, USA).
We have selected wrist extension to control stimulation of two useful motor functions: Wrist extensor Controlled Wrist extensor Stimulation (WCWS), and Wrist extensor Controlled Thumb flexor Stimulation (WCTS).
In WCWS, the stimulation electrodes are placed over the motor points of ECR. It is not necessary to distinguish between ECR longus and ECR brevis, but in terms of functionality, however, it means that in this case the controlling muscle and the stimulated muscle are the same. To minimize the stimulation artefacts the recording electrodes are placed on the muscle bulk perpendicular to the stimulation electrodes.
Evaluation of the wrist extension was performed with the subject's forearm supported by a little plate placed in a comfortable position for the subject. A lever, resting on the knuckles of the hand, was hinged to the plate with the axis coincident with the wrist. Two different measurements were taken: 1) Wrist extension against gravity measured by the unconstrained lever using a potentiometer to register the angle of the lever. The angle was measured from the resting position of the hand hanging loose.
2) Isometric force of wrist extension against the lever with the lever locked in an anatomically normal position. The force was measured with a strain-gauge transducer between the lever and the hand.
In the WCTS configuration the stimulation is applied at the thenar space to give thumb flexion while the recording electrodes are placed over the midline of the ECR muscle bulk; the stimulation and recording areas are separated, reducing the stimulation artefacts. A force transducer was placed between the subject's thumb and index finger, with the hand resting on a table in front of the subject. This test was performed under isometric condition.
The positioning of the electrodes for both configurations are indicated in Fig. 1 .
C. Experiment Design
Preliminary experiments have shown that FES (and thereby MeCFES) of a normal muscle does not provide any additional force to maximal voluntary contraction. As a result, normal subjects cannot be used to evaluate the precision or functionality of MeCFES.
A convenience sample of 14 tetraplegics and one stroke patient, which were already involved in other FES trials, has been screened for the test. Six tetraplegics complied with the selection criteria (i.e., reduced wrist extension force with detectable residual EMG activity, good response to stimulation, and no medical contraindications). Table I lists the main data of the participants and the applied electrode configuration.
We have applied a tracking test as an objective measure of the controllability of the movement, first without and then with the MeCFES, so the subjects act as their own control. A target trajectory was shown on a computer screen and the subject was instructed to track it in real time with a marker. The marker would move horizontally across the screen with a constant speed and a vertical displacement proportional to isometric force or wrist angle. The test was intended to measure the controllability of a dynamic movement and the ability to maintain a constant level, therefore a trapezoidal target was chosen (see Fig. 3 , dashed line).
We have defined the tracking error as the root mean square of the difference between the target and the track. The maximum level for the target was arbitrarily chosen at 90% of maximal MeCFES assisted output in the WCWS test and 75% for the WCTS tests. The use of a 75% target amplitude yields a higher theoretical tracking error in case of on/off control and a lower error in case of a null output. For both tests the total duration was 20 s. During the development of the system and the WCWS protocol subject KN tested the device in five sessions where the last session is used for the reporting here. Subjects EG, KGN, AA, and FB attended only one session each with the WCWS protocol, whereas MF and GG attended six and four sessions, respectively, with the WCTS protocol.
III. RESULTS
Restoration of normal movements is our ultimate goal and we will therefore use normal tracking as the reference. Tests on three male subjects without any neurological deficits have shown tracking errors below 5% and without any deviation of more than 10% from the target, after less than three trials without applying the MeCFES. Wrist extension forces up to 100 N and thumb forces up to 50 N could be obtained.
A comparison between tracking errors with and without MeCFES are summarized in Fig. 2 for all the subjects, together with the errors of: normal tracking (5%), theoretical tracking with on/off control, and theoretical tracking with null output. Note that the last two values change with the maximal value of the target. The figure shows the results of the tracking test recorded after tuning of the MeCFES system for WCWS configuration and the best results from the WCTS configuration. In the following paragraphs, selected test results will be described for each considered configuration.
A. WCWS Angle Tracking Tests
In two (AA, FB) of the five subjects, the wrist extensor muscles were able to voluntary extend the wrist fully against gravity and therefore the MeCFES did not augment the angle range. In the other three subjects (KN, EG, KGN) who yielded weaker wrist extensors, the MeCFES gave an increased range of movement. Two tracking tests can be seen in Fig. 3 . The maximal wrist angle was augmented by three and one-half times from 12 to 43 in subject KN [ Fig. 3(a) ], at a maximum current of 15 mA. The subject had been trying the MeCFES in five sessions during the development of the system and had, therefore, gained some experience in using it. Notice how the ascending slope is followed closely whereas the descending slope, or the release part, reveals difficulties in controlling the movement.
Subject EG, who had a stronger extensor muscle than KN, demonstrated similar performances with the MeCFES but with a better natural tracking. In this case, the maximal wrist angle was nearly doubled by the MeCFES from 18 to 34 with the maximal stimulation set to 25 mA. This person had only tried the MeCFES system once before this test.
Subject KGN was the participant with the least wrist force and, as it appears from the Fig. 3(b) , natural extension was prac- tically absent. With the MeCFES this person could produce a wrist angle of 23 ; however, this was with the highest tracking error % and therefore had the lesser control among the three subjects. It was the first and only time the person tried the device. Maximum stimulation amplitude was set to 20 mA. Although the accuracy is poor, it proves that the MeCFES enables the subject to achieve an otherwise totally absent movement.
B. WCWS Force Tracking Tests
Wrist force enhancement was achieved in two (KN, KGN) of the five subjects using WCWS. These two are among the three of whom the MeCFES enhanced the wrist angle. Subject EG had an unassisted isometric force of 52 N with a tracking error of 17% and, in this case, the MeCFES did not give any change in performance.
The maximum stimulated force for subject KN was 28 N but, as can be seen in Fig. 4 , the MeCFES enhances the short-term endurance, enabling the subject to maintain the force at the maximal level for a longer period of time than in an unassisted condition. As a consequence the error is halved by application of the MeCFES.
There was not a measurable natural wrist extension force of subject KGN, nevertheless the MeCFES provided 13 N isometric wrist extension force although with poor control as shown in Fig. 4(b) . Fatigue from the calibration trials may be the explanation why the force track does not reach the target amplitude, which was based upon the maximum amplitude at the start of the experiment.
C. WCTS Tests
An incomplete tetraplegic (MF) tried the WCTS configuration for six sessions on consecutive weekdays. We wanted to explore the effect of the optimization of MeCFES parameters and the possibility of learning. The best unassisted and best WCTS thumb force tracking from the first session are shown in Fig. 5 . Notice that the unassisted contraction fatigues very rapidly. After one or two measurements of natural force it decreased to zero due to fatigue. When the MeCFES was applied the tracking required much less effort for the subject, although the MeCFES was applied after the unassisted tests. After the six sessions we noticed that the maximal augmented thumb force had increased from 12 to 20 N [ Fig. 5(b) ] and we increased the target amplitude accordingly. It should be noted that the tracking is much better in this case than for the WCWS tests. The best tracking error was 5%, which is comparable with what we found in normal subjects.
In Fig. 5 we have plotted (with a dash-dot line) the relative stimulation current corresponding to the WCTS tracking. It can be seen that the stimulation is continually modulated but also that a stimulation level above 50% of maximum stimulation is needed to induce contraction. This can be attributed to the shape of the recruitment curve as reported in [35] . We have collected the results from the six sessions with two days of rest before the last session in Fig. 6 . The grey bars show the tracking error without MeCFES, which was measured first. The black bars show the average of the MeCFES aided thumb force tracking errors with standard deviation added on top. The trial numbers are shown on the horizontal axis together with the name of the day. Fig. 5(a) is from the Tuesday session and Fig. 5(b) is from the second Monday session. Some trials have been discarded because they were used to tune the system gain, other measurements were taken (e.g., recruitment curves) or because of erroneous trials (e.g., failing concentration). Data from the second Monday, shown on the right side of Fig. 6 , are left raw to show that there is a local improvement which can be attributed to a learning effect. In general, in all the experiments, the major improvements of the tracking errors have been made during the first 2-3 tests, but at the same time the gain was being tuned. A further small reduction on the tracking error, however, was also observed for the subsequent trials, which can be attributed to learning. From the Wednesday to the first Monday the average error increased but the maximal force had almost doubled by the second Monday.
D. Stroke Patient
The hemiplegic person (GG) was not able to produce any wrist extension before the experiments although some myoelectric activity was present. Four WCTS sessions took place within a fortnight. At the initial session the maximal natural force of the thumb reached 14 N but with limited control, as can be seen in Fig. 7 . In this first session, the best MeCFES augmented force tracking-error was 42%, which was worse than the unassisted error of 16%. It is apparent that the MeCFES gave rise to instability. Both the natural and the MeCFES assisted performances had improved by the fourth session, with an unassisted error of 12% and a better MeCFES tracking error of only 8% [ Fig. 7(b) ]. For the four sessions, the tracking errors are shown as a bar graph in Fig. 8 . The MeCFES does not seem to have any noticeable influence on the tracking once the subject has become confident with using the MeCFES.
IV. DISCUSSION
Subjects KGN and KN, who had weak wrist extension, gained an improvement in the tracking performances with MeCFES, in both wrist angle and force tracking tests compared with unassisted trials. There was not a noticeable increase of force for one subject (EG) but a better ability to control the wrist angle against gravity, resulting in a lower tracking error with the MeCFES. This subject had a tendon transfer, which might be the explanation for this.
Subjects AA and FB, who had the strongest natural contraction of wrist extensors and good angle tracking performances in unassisted conditions, produced no additional force when FES was applied within the acceptable stimulation intensity; therefore there was no improvement in the tracking error with the MeCFES.
It can be concluded that patients with the highest natural tracking error, due to low natural force, are good candidates for WCWS MeCFES. This was also the case in one SCI subject (MF) using WCTS. For both WCWS and WCTS configurations, the obtained tracking error with a continuous myoelectric control was better than the theoretic error with on/off control in all but one patient (KGN), who had the weakest wrist extension. For this subject the MeCFES assisted angle tracking error was worse than on/off control.
These results demonstrate the feasibility of a continuous control of FES using EMG signals in subjects with sufficient residual muscle contraction, whereas patients with very weak muscle contraction may only exhibit on/off control.
The stroke patient (GG) did not show any improvement with the WCTS compared to natural movement. A carry-over effect, however, is seen as an improvement of the WCTS performance, as well as without the device after the first session.
Using the MeCFES improved tracking accuracy, although the level of a normal subject was not reached. One reason for this is the lower number of volitionally controlled motor units of a paretic muscle compared to a normal muscle, which reduces the dynamic range of the controlling myoelectric signal. A number of phenomena involved in MeCFES assisted contractions can explain the reduction of accuracy. Control is better during an increasing muscle contraction than during the release phase. This may be attributed to hysteresis and other nonlinearities of the recruitment curve [35] . Normal movements are coordinated by agonist and antagonist muscles. During these experiments the antagonist muscles were neither stimulated nor under normal volitional control.
It is known that the stimulation can cause secondary responses, like the H-reflex and the F-response [36] , which add to the recorded myoelectric signal. They reduce the signal to noise ratio and act as a positive feedback, thus causing instability.
Future system development should therefore confront the above items and consider signal processing methods, to suppress the secondary responses of stimulation, and adequate stimulation of the antagonist muscles (in WCWS configuration) to improve the accuracy of wrist movement control, in particular during the release phase. Moreover, it should be investigated to what extent learning can improve control and how long this process will take. This is even more important for stroke patients, as it has been shown that in these patients myoelectric biofeedback can be used to reeducate muscles [37] , [38] and to augment the natural muscle force [39] . The MeCFES approach, presented here, is combining the expected benefits of both myoelectrical biofeedback and FES.
When translating the MeCFES into practical use it should be considered what effect forearm posture changes may have on the myoelectric signal and the effect of the FES in terms of fluctuations in signal level and induced force. In this basic study of the MeCFES, this has not been assessed since the arm was held in a fixed position. It should be considered in a clinical study of the MeCFES together with the influences of motion artifacts and electromagnetic fields. In case it induces a problem these matters may be met by incorporating the electrodes in a splint like the Handmaster.
We have initiated a study to test if the principle can be applicable to paretic muscles in the lower limb, for example, as a supplement to the dropped foot stimulator [40] and to further investigate the limiting factors for the reliability and accuracy of the enforced movement.
V. CONCLUSION
An MeCFES has been tested by six tetraplegics and one hemiplegic using a tracking test. The conclusion is that the myo-electrical signal can be used to control FES and thereby augment the motor output of paretic muscles affected by spinal cord injury. The prerequisite is that the muscle has a composition of innervated motor units where some are under natural control and some are not, as can be the case after spinal cord lesion. Three C5 tetraplegics had a weak wrist extension that could be augmented by the MeCFES. One incomplete SCI could use the MeCFES to let wrist extension control stimulation of the lateral pinch grip with a doubling of force and increased endurance. The tracking tests have shown that accuracy of the movement can be from on/off control to a very good control following a trapezoidal target.
The tracking tests have showed that an MeCFE-assisted movement can be continually controlled, but not with the same accuracy as a normal natural movement. The proposed concept is considered feasible because the controlling movement is a natural part of the tenodesis grip.
